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Abstract

The influence of threshold definition, number of pellets counted, image magnification and lightning technique on
the assessment of pellet shape has been investigated using three batches of pellets and an image analysis system. The
pellet parameters measured were ‘aspect ratio’, ‘circularity’, ‘projection sphericity’, ‘ex’ and ‘Feret diameter.” The
methodical error, reproducibility and repeatability of the results were chosen as statistical test parameters. The
position of the light source is crucial in providing an accurate particle size value. Top light was identified as the
illumination technique that gave a mean pellet size similar to the true pellet size. The use of a light table produced
significantly larger pellet size values. A minimum pixel resolution appears necessary for an accurate shape parameter
definition. One pixel should not cover more than 30 pm for pellets of an average particle size of 1.2 mm. Shape
descriptors, which are based on a multiple combination of area and perimeter data such as the circularity, are greatly
dependent on the number of pellets counted. Shape factors, which do not (aspect ratio) or only as a single value do
involve an area or perimeter measurement (eg, projection sphericity) are, however, nearly independent of the number
of pellets counted, as long as the magnification is sufficiently large and the pellets are randomly drawn from the batch.
For nearly spherical particles, the methodical error is below 1%, but for elongated particles this error can reach 5%.
The repeatability is also very good for nearly spherical particles ( <2%), but increases to very large values if the
particles are clearly elongated. The limiting values for the various shape factors should be reconsidered. An upper
value for the aspect ratio of 1.1 and a lower value of 0.6 for e are recommended. The circularity should not be used
as the shape factor to characterise spheres, because errors in image recognition can affect strongly the applicability
of this shape factor. The projection sphericity has only a limited sensitivity to variations in particle shape. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction
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or they are compacted into tablets. For the latter,
the importance of particle shape has not yet been
investigated, because the pellet strength is cer-
tainly the more dominant factor for the success of
the final dosage form (Lundqvist et al., 1997,
1998; Salako et al., 1998). The filling of pellets
into hard gelatine capsules appears generally pos-
sible as long as the pellets approach an aspect
ratio below 1.2 and do not show large amounts of
surface irregularities (Chopra et al., 1998).

In recent years, the use of image analysis has
become the most common analytical procedure to
evaluate the size and shape of pellets. Naturally, a
large variety of equipment, test procedures and
philosophies has appeared in the literature. A
study on the validation of a computerised image
analysis system (Zingerman et al., 1992) indicated
that it would be difficult to compare results from
different research groups because of the variety of
variables involved.

The image analysis systems used to measure
pellet shape are first different in basic assessment
parameters. For example, the system used by
Podczeck and Newton (1994) defines the different
length parameters of a particle from 36 calliper
measurements around each single two-dimen-
sional pellet outline, i.e. using an angle of 5°
rotation. In contrast, the system used by Lindner
and Kleinebudde (1993) evaluates only eight cal-
liper measurements employing an angle of rota-
tion of 20° to define these length parameters. The
precision of the determination of the ‘maximum
length’ of the pellets appears reasonably accurate
already for four calliper measurements. However,
the ‘minimum length’, which is required to define
the ‘elongation’ of the particle (Tsubaki and
Jimbo, 1979) and, in some image analysis systems,
to define the ‘aspect ratio’ (McCarthy, 1976), is
significantly dependent on the number of calliper
traces (Allen, 1997). The silhouette of a particle
can be sufficiently reproduced from calliper traces
10° or less apart (Hawkins, 1993). Hence, the
accuracy of shape factors such as the ‘circularity’
(Cox, 1927; Hausner, 1966) or the ‘projection
sphericity’ (Pentland, 1927; Riley, 1941), which
rely on either the assessment of the perimeter or
the area of the two-dimensional particle outline,
will also depend on the number of calliper traces

around the silhouette. The smaller the number of
traces, the less accurately these parameters are
evaluated.

Pellets are three-dimensional, roundish objects,
but their image is captured as a two-dimensional
particle outline. It is impossible to focus precisely
on the particle equator, because the equator is
halfway down the pellet body. Also, image analy-
sers compare several focal planes before the
sharpest image (i.e. focus on the top of the
spheres rather than the perimeter) is selected (Al-
len, 1997). Therefore, the captured image appears
always slightly blurred around the pellet perime-
ter. An image camera provides a picture of pixels,
which are arranged in horizontal and vertical
lines. Hence, a circle is reproduced from a set of
squares, i.e. an inherent source of error is always
present. Also, the use of light tables causes shad-
ows, which can add to the dark particle outline of
the pellets. For this reason, Podczeck and Newton
(1995) used a dark-field illumination technique
with the light beam shining from the top of the
image camera down onto the pellets. Here, the
image is white, while the dark shadows add to the
dark background only.

Different shape factors and shape assessment
techniques are clearly different in their sensitivity
to small variations in particle shape (Podczeck
and Newton, 1994; Eriksson et al., 1997). There-
fore, authors have adopted different opinions on
the usefulness of shape factors. For example,
Lindner and Kleinebudde (1993) considered the
possibility of a quick assessment of a large num-
ber of pellets with a minimum of operator effort
being the most important criterion. Yliruusi et al.
(1992) tried to compensate for the lack in sensitiv-
ity of some shape factors by using a series of 20
shape descriptors in parallel, filtering the informa-
tion by means of statistical analysis. Podczeck and
Newton (1994, 1995) developed a shape factor
(er) for two- or three-dimensional pellet shape
assessment, which was shown to be significantly
more sensitive to deviations from the ideal round
shape and to surface irregularities than the stan-
dard shape factors used. However, its use, in
particular the three-dimensional version of the
shape factor, slows the assessment procedure
down, and the raw data, which can principally be
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obtained on any image analysis system, needs to
be processed further.

Some image processing methods have also been
described that are restricted to the functionality of
the equipment. For example, Lindner and
Kleinebudde (1993) employed a combined erosion
and dilation cycle to separate touching pellet out-
lines. Most image analysers can erode and dilate
images, but to achieve finally a particle shape
identical with the original particle shape, the pro-
cessed image and the original image have to be
combined using Boolean algebra. The latter is not
a standard feature of image analysis equipment,
and external processing cannot compensate in this
case.

Work in our laboratories revealed an operator-
dependent influence on pellet shape data, even
when using identical equipment. A preliminary
study pointed to the resolution that had been
chosen, the subjectivity in setting the ‘correct’
threshold level and the position of the light
source, as major influence factors. The number of
pellets counted might also be involved. The aim of
this study was to quantify the error produced and
to design a standard operating procedure, which
will assure comparable results in future work. It
should be pointed out that some points studied,
i.e. the resolution and the influence of threshold
level, are primarily image analysis system depen-
dent. However, other factors (illumination tech-
nique, number of pellets counted), the method of
error evaluation as such and the main conclusions
drawn, can be transferred to other image analysis
systems in order to work out similar procedures.
It is hoped that this will gradually lead to a
harmonisation of image procedures between dif-
ferent research groups. Hence, comparison of re-
sults between laboratories could be improved.

2. Materials and methods
2.1. Materials

Three batches of pellets were prepared by extru-
sion/spheronisation, varying the proposed particle

shape by changes in the formula used. Details of
the composition and process variables have been

described earlier (Chopra et al., 1998). Two of the
batches (‘GR’ and ‘AL’) contained visibly round
pellets, while the third batch was composed of
elongated cylindrical pellets (‘CY’). All batches
were size classified, and only the sieve fraction
— 1.4 to + 1.0 mm was used in this study.

2.2. Methods

The determination of the particle size (Feret
diameter) and the particle shape (aspect ratio,
circularity, projection sphericity, eg) was carried
out using the following Image Analysis system:
‘Sonata’ (Seescan, Cambridge, UK), equipped
with a black/white camera (CCD-4 miniature
video camera module; Rengo Co. Ltd., Toy-
ohashi, Japan) and a zoom lens (18-108/2.5;
Olympus Co. Europe, Hamburg, Germany). A
cold light source (Type FLQ 85E; Olympus Co.
Europe) was used in top and side light position to
illuminate the pellets against a dark surface,
whereas a light table (Type LV 28; P. W. Allen &
Co., London, UK) was used for illumination from
below.

The Feret diameter of a pellet is here defined as
the average calliper distance of 36 measurements
around the particle employing a 5° angle of rota-
tion. In agreement with Schneiderhéhn (1954), the
aspect ratio (AR) of each individual particle is the
ratio between the longest calliper distance and the
calliper distance perpendicular to the longest one.
The circularity (C) was calculated from Cox
(1927):

B 4rA

C= P2

()

where 4 is the projected area of the two-dimen-
sional particle outline, and P is the perimeter of
this outline. The projection sphericity (PS) was
first defined by Pentland (1927) as follows:

44

nd}

PS 2
where d; is the longest calliper distance observed
when tracing around the particle. The shape fac-

tor ex was introduced by Podczeck and Newton
(1994, 1995) as:
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_2mr,

b 2

- )
where r, is a mean radius derived here from 72
distance measurements between the centre of
gravity of the two-dimensional particle outline
and the perimeter, using an angle of rotation of 5°
between each line. The values of b and / are the
length and the breadth of the two-dimensional
particle outline, respectively, assuming a round
(b =1) or elliptical (b < /) shape of the pellets. The
value f'is a correction factor (Podczeck and New-
ton, 1995):

f= 1.008—0.231(1 —?) “4)

All four shape factor values and the Feret
diameter can be measured simultaneously for each
particle. The memory capacity of the image analy-
ser allows the storage and processing of up to 800
particle data under these conditions. In those
cases, where more than 800 particles are to be
assessed, the rules of additivity for the arithmetic
mean value and the variance (Snedecor and
Cochran, 1980) were exploited.

A stereo—microscope (Olympus BH-2; Olympus
Co., Tokyo, Japan) was used to measure the size
of individual pellets with transmission light. The
microscope was calibrated with a transmission
graticule (CS 809; Graticule Ltd., Tonbridge,
UK).

3. Results and discussion

3.1. Accuracy of image thresholds

Image analysis converts the optical picture of
an object and its surroundings into a set of pixels
to which different grey values are assigned. To
process such an image, the operator must select
the grey values which belong to the object,
thereby discarding all pixels with grey values be-
low or above an upper and/or lower threshold.
The accuracy with which the threshold grey values
can be chosen depends on the contrast and the
sharpness of the picture. Images of pellets can be
obtained as sharp pictures, but the grey values

along the perimeter of the particle outlines are
often blurred due to the perimeter being outside
the focus plane. Bearing this in mind, the British
Standard Committee has suggested that image
analysis procedures should be accurate with re-
spect to the “setting of a true threshold level + 5
units”’. However, a ‘true threshold level’ cannot
exist, because this value depends strongly on the
illumination technique employed. Hence, the defi-
nition of a useful threshold value for large objects
such as pellets will experience an operator depen-
dence. A standard operating procedure must,
therefore, include a set-up procedure for the ap-
propriate threshold level.

To study the influence of the threshold level on
the pellet shape, only 10 pellets were used at a
time. The number was restricted so that the pellets
could remain in the counting field at exactly the
same position during all tests. These tests involved
seven different magnifications for pellet batch
GR, and always one magnification for batches
AL and CY. Images were taken at a given mag-
nification and thresholded to an operator-depen-
dent optimal threshold level. The pellet properties
were then measured. Afterwards, the threshold
level was increased or decreased by one unit, and
the measurement was repeated. The best operator-
independent threshold level was then defined as
the value providing an average pellet shape of the
10 pellets, which indicated ‘best roundness’. The
results are summarised in Table 1.

The aspect ratio and the projection sphericity
are comparatively insensitive to a change in the
threshold value by one unit. For nearly round
pellets, the maximum change observed over a
change of five units is 0.02 for the aspect ratio and
0.03 for the projection sphericity. However, the
shape factor ey clearly depends on the threshold
value. In some circumstances (e.g. experiment
GR/25.74/threshold values 11 and 12, see Table 1)
the change in shape factor obtained is statistically
significant (z-test, r = 2.73, P < 0.05). The value of
this shape factor depends to a greater extent on
the accuracy of the definition of the edges of the
particle outline, because here, in addition to the
perimeter of the particle outline, a number of
distances from the centre of gravity to the perime-
ter are measured. Over- or under-thresholding of
images leads primarily to ‘rough’ particle outlines,
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which are then interpreted as surface irregularities
when evaluating eg.

When using non-spherical pellets (batch CY,
see Table 1), the aspect ratio also became more
dependent on the correct setting of the threshold
value. Hence, regardless of the shape factor used
in an experiment, a standardised procedure to set
up the threshold level appears important if com-

Table 1

parisons between different batches are to be
made.

For all further experiments, the following stan-
dard routine was employed to avoid larger devia-
tions in the shape factor due to threshold
inconsistencies. From the number of pellets to be
measured, 10 pellets were randomly drawn and
positioned in the field of view. After adjustment

Influence of the threshold value on the shape of pellets using image analysis

Pellet batch Pixel height (um) Threshold value Aspect ratio er Projection sphericity
GR 20.34 11 1.08 +0.05 0.614+0.12 0.88 +0.03
10 1.08 +0.05 0.61 +0.12 0.88 +0.03
9% 1.07 +0.05 0.61+0.13 0.87 +0.04
8 1.08 +0.05 0.57+0.13 0.87 +0.04
7 1.09 +0.05 0.544+0.13 0.85+0.04
25.74 10 1.10 + 0.04 0.53 +0.08 0.86 +0.03
11 1.09 + 0.04 0.52 4+ 0.09 0.87 +0.03
12 1.08 + 0.04 0.63 +0.09 0.88 +0.03
13 1.08 + 0.04 0.63 +0.09 0.88 +0.04
14 1.08 + 0.04 0.64 +0.09 0.89 +0.02
15* 1.08 + 0.04 0.64 +0.09 0.89 +0.02
16 1.08 + 0.04 0.63 +0.09 0.89 +0.03
29.99 11 1.08 + 0.04 0.64 +0.08 0.89 +0.02
12 1.07 £ 0.03 0.64 +0.07 0.89 +0.02
13* 1.06 +0.03 0.68 +0.07 0.90 +0.02
14 1.06 +0.03 0.67 +0.07 0.90 + 0.02
34.63 7 1.11 £ 0.05 0.55+40.08 0.85+0.05
8 1.11 £0.05 0.56 +0.08 0.85+0.05
9% 1.10 +0.05 0.56 +0.08 0.85+0.05
10 1.10 £ 0.05 0.56 +0.08 0.85+0.05
11 1.11 £ 0.05 0.56 +0.08 0.85+0.05
40.13 11 1.09 +0.06 0.60 +0.12 0.88 +0.05
12 1.09 +0.08 0.614+0.12 0.88 +0.05
13* 1.07 £ 0.07 0.62+0.13 0.87 +0.05
14 1.09 +0.07 0.59+0.12 0.87 +0.05
15 1.10 + 0.07 0.59 +0.11 0.86 +0.05
61.70 10 1.07 4+ 0.02 0.64 +0.05 0.88 +0.03
11* 1.06 + 0.02 0.65 +0.05 0.88 +0.03
12 1.07 +0.03 0.64 +0.05 0.88 +0.03
100.10 7 1.08 +0.03 0.63 +0.08 0.86 +0.02
8* 1.08 + 0.04 0.64 +0.09 0.86 +0.03
9 1.08 + 0.04 0.63+0.10 0.85+0.03
AL 29.94 5 1.06 +0.03 0.60 +0.07 0.89 +0.02
6* 1.06 +0.03 0.62+0.10 0.89 +0.02
7 1.06 +0.03 0.60 + 0.09 0.88 +0.03
8 1.07 £ 0.04 0.574+0.10 0.87 +0.03
CY 29.94 7 2.174+0.52 0.06 +0.05 0.42 +0.07
8* 2.124+0.38 0.08 +0.04 0.43 +0.07
9 2.20 +0.47 0.07 + 0.04 0.43 +0.07

* Best threshold value.
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Table 2
Arithmetic mean and standard deviation of various shape factors studied at different magnifications (i.e. pixel heights) and counting
different numbers of pellets using batch GR

Pixel height (um) Number of pellets Aspect ratio Circularity er Projected sphericity
20.34 10 1.09 £+ 0.07 0.83 +0.01 0.58 +£0.15 0.86 + 0.05
25 1.10 4+ 0.06 0.84 +0.05 0.554+0.13 0.8540.06
50 1.10 £+ 0.06 0.86 +0.05 0.56 +0.13 0.85 4+ 0.05
100 1.09 +0.06 0.87 +0.05 0.5740.12 0.86 +0.05
250 1.09 £+ 0.06 0.88 +0.05 0.58 +£0.12 0.86 + 0.05
500 1.09 +0.06 0.89 +0.05 0.58 +0.12 0.86 +0.05
1000 1.10 £+ 0.06 0.89 +0.05 0.58 +£0.11 0.86 + 0.05
25.74 10 1.09 +0.06 0.90 +0.03 0.60 +0.13 0.87 4+ 0.04
25 1.10 +0.07 0.92 +0.05 0.58 +£0.12 0.87 +0.05
50 1.10 4+ 0.07 0.84 +0.10 0.5440.12 0.86 +0.05
100 1.10 +£0.07 0.85+0.09 0.55+0.12 0.86 + 0.05
250 1.09 +0.06 0.89 +0.07 0.58 +0.13 0.87 4+ 0.05
500 1.09 £+ 0.06 0.90 £+ 0.06 0.59 +£0.12 0.87 +0.04
1000 1.09 +0.06 0.90 4+ 0.05 0.59+0.12 0.87 4+ 0.04
29.99 10 1.06 £ 0.02 0.94 +0.01 0.65 £+ 0.06 0.89 +0.02
25 1.08 +0.04 0.92 +0.02 0.60 4+ 0.08 0.88 +0.03
50 1.09 £+ 0.04 0.90 +0.03 0.59 +0.09 0.87 +0.04
100 1.08 +0.05 0.94 +0.04 0.624+0.11 0.88 +0.04
250 1.09 £+ 0.05 0.92 +0.04 0.61 +£0.11 0.88 +0.04
500 1.09 +0.05 0.92 4 0.04 0.61 +0.11 0.88 +0.04
1000 1.09 £+ 0.06 0.92 +0.04 0.60 +0.11 0.87 +0.04
34.63 10 1.11 £0.05 0.90 4+ 0.02 0.54 +0.07 0.8540.05
25 1.10 £+ 0.06 0.91 +£0.02 0.59 +£0.12 0.86 +0.05
50 1.09 +0.06 0.91 +£0.02 0.60 +0.12 0.86 + 0.04
100 1.09 £+ 0.06 0.91 +£0.02 0.60 +0.12 0.87 +0.04
250 1.09 +0.06 0.92 40.03 0.60 +0.11 0.87 4+ 0.04
500 1.09 £+ 0.06 0.92 +0.03 0.60 +0.11 0.87 +0.04
1000 1.09 +0.06 0.91 +£0.03 0.60 +0.11 0.87 4+ 0.04
40.13 10 1.05 +0.04 0.93 +0.01 0.69 +0.10 0.88 +0.03
25 1.06 +0.05 0.9340.01 0.67+0.11 0.89 4+ 0.03
50 1.08 £+ 0.05 0.93 +0.01 0.70 £ 0.11 0.88 +0.03
100 1.08 +0.06 0.9340.01 0.634+0.11 0.88 +0.04
250 1.10 £+ 0.06 0.93 +£0.02 0.59 +0.11 0.86 +0.04
500 1.10 4+ 0.06 0.92 +0.02 0.594+0.11 0.86 + 0.04
1000 1.09 £+ 0.06 0.92 +0.02 0.60 +0.11 0.86 +0.04
61.70 10 1.06 +0.02 0.9340.01 0.65 4+ 0.05 0.88 +0.03
25 1.07 +0.05 0.94 +0.01 0.64 +0.10 0.87 +0.04
50 1.09 +0.05 0.93 4 0.02 0.6240.10 0.86 + 0.04
100 1.09 £+ 0.06 0.93 +£0.02 0.62 +0.11 0.86 +0.04
250 1.10 4+ 0.06 0.92 +0.02 0.60 +0.11 0.8540.04
500 1.09 £+ 0.06 0.92 +0.02 0.60 +0.11 0.86 +0.04
1000 1.09 +0.06 0.92 +0.02 0.60 +0.11 0.86 + 0.04
100.1 10 1.08 +0.04 0.93 +0.01 0.64 +0.09 0.86 +0.03
25 1.10 4+ 0.07 0.94 4+ 0.01 0.61 +£0.12 0.84 4+ 0.04
50 1.09 £+ 0.05 0.93 +0.02 0.62 +0.11 0.85+0.04
100 1.09 +0.06 0.94 +0.02 0.6240.12 0.8540.04
250 1.10 +0.07 0.94 +0.02 0.61 +£0.12 0.84 +0.04
500 1.10 4+ 0.06 0.93 4 0.02 0.61 +£0.12 0.84 4+ 0.04

1000 1.09 £+ 0.06 0.94 +0.02 0.62+0.11 0.84 +0.04
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Table 3
Arithmetic mean and standard deviation of various shape factors studied at different magnifications (i.e. pixel heights) and counting
different numbers of pellets using batch AL

Pixel height (um) Number of pellets Aspect ratio Circularity er Projected sphericity
20.34 10 1.08 £+ 0.08 0.87 +0.03 0.60 +0.14 0.89 4+ 0.06
25 1.08 +0.06 0.88 +0.02 0.60 +0.12 0.89 +0.04
50 1.09 £+ 0.06 0.88 +0.03 0.59 +0.11 0.88 +0.04
100 1.08 +0.05 0.89 +0.03 0.60 +0.10 0.89 +0.04
250 1.08 £+ 0.05 0.89 +0.03 0.60 +0.10 0.89 +0.04
500 1.08 £0.05 0.90 +0.03 0.60 +0.10 0.89 +0.04
1000 1.08 £+ 0.05 0.90 +0.03 0.61 +£0.10 0.89 +0.04
25.74 10 1.06 +0.02 0.934+0.01 0.67 +0.08 0.91 4+ 0.02
25 1.06 + 0.04 0.92 +0.02 0.65 +0.09 0.90 +0.03
50 1.06 +0.04 0.92 4 0.03 0.66 +0.11 0.90 +0.03
100 1.07 +£0.04 0.91 +£0.04 0.64 +0.10 0.89 +0.03
250 1.07 4+ 0.04 0.90 +0.03 0.634+0.10 0.89 +0.03
500 1.07 +£0.04 0.90 £+ 0.05 0.63 +£0.10 0.89 +0.03
1000 1.07 4+ 0.04 0.89 +0.06 0.6240.10 0.89 +0.03
29.99 10 1.07 +£0.04 0.87 +0.01 0.62 +0.11 0.90 +0.03
25 1.07 4+ 0.04 0.88 +0.02 0.61+0.10 0.89 +0.03
50 1.07 +£0.04 0.87 +0.06 0.61 +£0.11 0.89 +0.03
100 1.07 4+ 0.04 0.88 +0.05 0.61 +0.11 0.89 +0.03
250 1.07 +£0.04 0.89 +0.05 0.61 +£0.11 0.89 +0.03
500 1.07 4+ 0.04 0.91 +£0.05 0.6240.10 0.89 4+ 0.03
1000 1.07 +£0.04 0.90 £+ 0.05 0.62 +0.10 0.89 +0.03
34.63 10 1.07 £0.03 0.9540.01 0.6540.07 0.90 +0.02
25 1.07 +£0.04 0.92 +0.02 0.64 £+ 0.08 0.90 +0.03
50 1.07 £0.05 0.92 4 0.02 0.634+0.10 0.89 +0.04
100 1.08 £+ 0.05 0.92 +0.02 0.63 +0.10 0.89 +0.04
250 1.07 £0.05 0.92 +0.02 0.634+0.10 0.89 +0.04
500 1.07 +£0.04 0.92 +0.02 0.63 +£0.10 0.89 +0.03
1000 1.07 4+ 0.04 0.92 4 0.02 0.634+0.10 0.89 +0.03
40.13 10 1.06 £+ 0.03 0.92 +0.01 0.66 £+ 0.08 0.89 +0.02
25 1.06 +0.03 0.9340.01 0.66 +0.10 0.90 +0.02
50 1.07 +£0.04 0.92 +0.02 0.64 +0.10 0.89 +0.03
100 1.07 4+ 0.04 0.93 4 0.02 0.6540.11 0.89 4+ 0.03
250 1.07 +£0.04 0.93 +£0.02 0.66 +0.10 0.90 +0.03
500 1.07 4+ 0.04 0.93 4 0.02 0.6540.10 0.89 4+ 0.03
1000 1.07 +£0.04 0.93 +£0.02 0.65+0.10 0.89 +0.03
61.70 10 1.08 £0.05 0.90 +0.02 0.6240.10 0.84 4+ 0.04
25 1.08 +0.04 0.89 +0.03 0.61 +0.09 0.85+0.03
50 1.08 +0.04 0.89 +0.03 0.60 4+ 0.09 0.8540.04
100 1.08 +0.04 0.91 +£0.03 0.62 +£0.10 0.86 +0.04
250 1.09 +0.05 0.91 +£0.03 0.60 +0.10 0.86 + 0.04
500 1.09 £+ 0.05 0.92 +0.03 0.60 +0.10 0.86 +0.04
1000 1.09 +0.05 0.92 +0.02 0.60 +0.11 0.86 + 0.04
100.1 10 1.05 +0.04 0.95+0.02 0.72 +0.11 0.88 +0.03
25 1.06 +0.04 0.9540.02 0.70 £ 0.10 0.88 +0.03
50 1.07 +£0.04 0.95 +0.01 0.67 +£0.10 0.87 +0.03
100 1.07 4+ 0.04 0.94 +0.02 0.66 +0.10 0.87 4+ 0.03
250 1.07 +£0.04 0.94 +0.02 0.66 +0.10 0.86 +0.03
500 1.07 4+ 0.04 0.94 +0.02 0.6540.10 0.86 +0.03

1000 1.08 +0.05 0.94 +0.02 0.64 +0.10 0.86 + 0.04
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Table 4

Minimum number of pellets to be counted to achieve a result representative for the pellet batch®

Magnification batch Aspect ratio Circularity er Projection sphericity
GR AL GR AL GR AL GR AL

20.34 pm n.s. n.s. 250 500 n.s. n.s. n.s. n.s
25.74 pm n.s. n.s. 1000 1000 250 n.s. n.s. . n.s
29.99 pm 25 n.s. 250 500 100 n.s. 25 . 500
34.63 pm n.s. n.s. 1000 25 n.s. n.s. n.s. n.s
40.13 um 250 n.s. 1000 1000 250 n.s. 250 . n.s
61.70 pm n.s. 250 250 1000 250 n.s. n.s. . 100
100.1 pm n.s. n.s. 1000 250 n.s. n.s. n.s. 1000

“n.s., Analysis of variance did not identify any difference between the counts.

of the magnification, light intensity and calibra-
tion, the best threshold value was determined as
already described and used for all other pellets.

3.2. The influence of magnification and number of
pellets to be counted

The influence of the magnification and number
of pellets was studied using pellet batches GR and
AL. Seven different magnifications were used,
corresponding to pixel heights between 20 and
100 um. In total, 1000 pellets were counted for
each batch. These were randomly drawn from the
pellet bulk. The results for the different shape
factors are summarised in Tables 2 and 3.

Analysis of variance was employed to deter-
mine the minimum number of pellets to be
counted to obtain a shape factor value representa-
tive for the whole batch of pellets. The different
numbers of pellets for which an arithmetic mean
and standard deviation had been calculated were
used as classification criterion into samples in the
statistical analyses. When the global F-value indi-
cated a significant difference between the samples,
multiple pair comparisons (Bonferroni) between
consecutive samples were carried out. Thus, class
1 (10 pellets counted) was compared with class 2
(25 pellets counted), class 2 with class 3, class 3
with class 4, etc. When a set of consecutive multi-
ple pair comparisons up to the last sample (1000

pellets counted) did not indicate a statistically
significant difference between the classes, the min-
imum number of pellets was set equal to the
number of pellets counted in the class with the
lowest label of this set of multiple pair compari-
sons. The minimum number of pellets to be
counted for the two pellet batches and different
magnifications used are compared in Table 4 for
the different shape factors.

The first observation that can be made from
Table 4 is that the assessment of different shape
factors apparently requires different numbers of
pellets to be counted. The value of the aspect ratio
is least dependent on the number of pellets
counted. However, the aspect ratio is also the
shape factor that is least sensitive to pellet shape
variability (Podczeck and Newton, 1994; Eriksson
et al.,, 1997). This could explain the apparent
insensitivity of this shape factor to the number of
pellets counted. However, the shape factor ey,
which is highly sensitive to small variations is
pellet shape, also appears only slightly dependent
on the number of pellets counted. On the other
hand, the circularity, which is as insensitive as the
aspect ratio in defining shape, appears to depend
critically on the number of pellets counted. As
already discussed, the two-dimensional outlines of
the pellets are reproduced from a set of squares,
and all parameters depending on this type of
image recognition (e.g. area, perimeter) are more
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likely to be variable in their values. The circularity
is based on the area and the squared value of the
perimeter of the particle outline (see Eq. (1)). The
findings suggest that the error in image recogni-
tion can affect strongly the applicability of a
shape factor. The circularity would appear, there-
fore, least suitable for the description of pellet
shape employing image analysis.

The second observation that can be made from
Table 4 is that there appears to be a trend to-
wards higher numbers of pellets necessary to be
counted if the magnification decreases. A pixel
height of more than 35 um appears to be critical,
but here the particle size has also to be consid-
ered. To identify the minimum magnification, i.e.
the maximum pixel height (um), the particle size
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Fig. 1. Pellet size (Feret diameter) as a function of the magnifi-
cation and number of pellets counted for pellet batches AL (a)
and GR (b) (not all magnifications tested are shown for better
visibility). Magnifications (in pixel heights): @, 20 um; W, 30
pm; 4, 35 um; A, 40 um; V¥, 60 um.

measured (Feret diameter) is drawn as a function
of number of pellets and pixel height chosen (Fig.
la,b). Although the pellets had been size
classified, it is obvious that there is some size
variation in each pellet batch. However, in most
cases, the mean particle size approached a con-
stant value after measurement of 100 pellets.
Thus, if not only the particle shape but also the
pellet size is a target of the image analysis, a
minimum of 100 pellets should be counted. For
pellet batch AL (Fig. 1a), the mean Feret diame-
ter of 100 or more pellets counted is similar for
the three largest magnifications tested (pixel
heights, 20, 25 and 30 pm). However, a further
reduction in magnification (pixel height, 35 pum)
leads to clearly smaller values for the Feret diame-
ter, which is assumed to be flawed. Also, the
magnitude of the Feret diameter obtained appears
to fluctuate for magnifications with larger pixel
heights than 30 um. A similar picture can be seen
for batch GR (Fig. 1b). Hence, the minimum
magnification, i.e. maximum pixel height, should
not exceed 30 um for reliable pellet size results.

3.3. Methodical error, reproducibility and
repeatability of pellet shape measurements

The methodical error and reproducibility of the
pellet shape measurements were tested using a
pixel height of 30 um. Five hundred pellets were
chosen randomly from the pellet bulk. Their par-
ticle shape was evaluated five times in random
order of the pellets, and the arithmetic mean and
standard deviation of each measurement were cal-
culated. All three pellet batches were included into
the investigation. Table 5 summarises the results.

A method gives reproducible results if a statisti-
cal test procedure is unable to detect significant
differences between replicated measurements.
Hence, Analysis of variance was employed to test
for significant differences between the five repli-
cates. The shape factor chosen can be seen to
influence the results. For the circularity, analysis
of variance showed significant differences between
the replicates for all pellet batches. Thus, in terms
of circularity, the reproducibility appears unac-
ceptable. However, the coefficient of variation
between the five arithmetic mean values is in all
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Assessment of the reproducibility and the methodical error of pellet shape measurements using image analysis

Shape factor Parameter Count GR AL CY
Aspect ratio 1 1.09 +0.06 1.07 +£0.04 1.84 +0.49
2 1.09 + 0.06 1.07 +£0.04 1.84 +0.50
3 1.09 +0.05 1.07 +£0.04 1.84 +0.53
4 1.09 +0.06 1.07 +£0.04 1.85+0.52
5 1.09 +0.06 1.07 +£0.04 1.83 +0.50
Mean based average 1.09 +0.00 1.07 +0.00 1.84 +0.01
Coefficient of variation 0.21% 0.15% 0.35%
F-value 1.08 1.00 1.00
Different counts None None None
Circularity 1 0.83 +0.04 0.85+0.03 0.65+0.08
2 0.84 +0.04 0.85+0.03 0.67 +0.08
3 0.83 +0.04 0.85+0.03 0.67 +0.08
4 0.83 +0.04 0.85+0.03 0.66 + 0.08
5 0.83 +0.04 0.85+0.03 0.67 +0.08
Mean based average 0.83 +0.01 0.85 +0.00 0.66 +0.01
Coefficient of variation 0.89% 0.35% 1.39%
F-value 15.26 4.05 7.27
Different counts 2% None 1*
er 1 0.56 +0.11 0.60 +0.10 0.14 +0.11
2 0.57 +£0.12 0.61 +0.10 0.13+0.11
3 0.56 +0.10 0.60 +0.10 0.14 +0.11
4 0.55+0.11 0.60 +0.10 0.14 +£0.11
5 0.55+0.11 0.61 +0.10 0.14 +0.11
Mean based average 0.56 +0.01 0.60 + 0.00 0.14 +£0.01
Coefficient of variation 1.27% 0.39% 4.34%
F-value 2.17 1.00 1.55
Different counts 2% None None
Projection sphericity 1 0.86 +0.04 0.88 +0.03 0.52 +0.11
2 0.86 +0.04 0.89 +0.03 0.52+0.11
3 0.86 + 0.04 0.88 +0.03 0.52+0.11
4 0.86 +0.04 0.89 +0.03 0.52+0.11
5 0.85 +0.04 0.89 +0.03 0.51 +£0.11
Mean based average 0.86 + 0.00 0.89 + 0.00 0.52 +0.01
Coefficient of variation 0.26% 0.10% 1.15%
F-value 1.41 1.00 1.53
Different counts None None None

* Batch provided statistically significant difference in shape factor value.

cases below 1.5%, indicating a rather small overall
methodical error. Hence, the lack of reproducibil-
ity is not due to a large methodical error, but
presumably a result of the influence of the image
recognition problems already discussed on this
particular shape factor. The aspect ratio is a
highly reproducible shape factor with a very low
methodical error (coefficient of variation below
0.5% in all cases). Shape factor eg and the projec-

tion sphericity are also fairly reproducible, al-
though some statistically significant differences
between replicates were found. The projection
sphericity also shows a comparative low methodi-
cal error, which is highest for the cylindrical pellet
batch (1.15%; Table 5). The methodical error for
e depends strongly on gross changes in particle
shape. For the pellet batch CY, which provides
the other extreme to sphericity in the pellet shape,
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the methodical error reached more than 4%. This
could be caused by the random orientation of the
pellets in the view field of the image camera.
The repeatability of the experiments is here
defined as the variability between shape factor
results obtained from five different sets of pellets.
Each set consisted of 500 pellets randomly drawn
from the pellet bulk. All other experimental con-
ditions were the same as for the assessment of the

Table 6

133

methodical error already described. The results
are listed in Table 6.

The repeatability appears linked to the pellet
shape. For the batch that approached sphericity
most closely, i.e. batch AL, analysis of variance
could not identify a statistically significant differ-
ence between the five measurements for aspect
ratio and ei. The coefficient of variation between
the arithmetic mean shape factor values was also

Assessment of the repeatability of pellet shape measurements using image analysis

Shape factor Parameter Set GR AL CY
Aspect ratio 1 1.09 +0.06 1.07 £0.04 1.84 +0.49
2 1.10 4+ 0.06 1.08 +£0.04 1.79 £ 0.54
3 1.09 +£0.05 1.07 £ 0.04 1.82 +0.42
4 1.09 +0.05 1.07 £0.04 1.754+0.49
5 1.09 +£0.05 1.07 £ 0.04 1.7540.49
Mean based average 1.09 +0.01 1.07 4+ 0.00 1.79 4+ 0.04
Coefficient of variation 0.53% 0.19% 2.21%
F-value 5.62 1.23 3.25
Different counts 3% None 1,3*
Circularity 1 0.83 +0.04 0.85+0.03 0.65 +0.08
2 0.85+0.04 0.86 +0.03 0.67 +0.08
3 0.86 +0.04 0.86 +0.03 0.67 +0.08
4 0.86 +0.03 0.84 +0.04 0.66 + 0.08
5 0.85 +0.05 0.82 4 0.06 0.66 + 0.08
Mean based average 0.85+0.01 0.84 +0.02 0.66 +0.01
Coefficient of variation 1.42% 1.87% 1.68%
F-value 42.50 77.10 9.67
Different counts 1,2% 1,2,4,5* 1*
er 1 0.56 +0.11 0.60 +0.10 0.14 +£0.11
2 0.55+0.12 0.60 +0.10 0.16 £ 0.12
3 0.59 +0.11 0.60 +0.10 0.14 +£0.11
4 0.57 £0.10 0.60 +0.10 0.16 £ 0.11
5 0.57 +£0.11 0.59 +£0.10 0.16 +£0.12
Mean based average 0.57 +0.01 0.60 +0.01 0.1540.01
Coefficient of variation 2.20% 1.60% 7.37%
F-value 7.11 1.46 8.56
Different counts 3* None 1,3*
Projection sphericity 1 0.86 +0.04 0.88 +0.03 0.5240.11
2 0.85 +0.04 0.88 +0.03 0.54 +£0.11
3 0.86 +0.04 0.88 +0.03 0.52+0.10
4 0.86 +0.04 0.88 +0.03 0.53+0.12
5 0.86 +0.04 0.88 +0.03 0.53+0.12
Mean based average 0.86 + 0.00 0.88 +0.00 0.52 +0.01
Coefficient of variation 0.50% 0.30% 1.48%
F-value 5.72 3.32 2.41
Different counts 3* None None

* Batch provided statistically significant difference in shape factor value.
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comparatively small (below 2% for all four shape
factors tested). For batch GR, analysis of vari-
ance identified significant differences between the
five measurements for all shape factors, and the
coefficients of variation are also slightly higher.
Unexpectedly, the differences in the analysis of
variance for the five measurements using batch
CY are not much more drastic than for batch
GR. Also, the coefficients of variation except for
er are in the same order of magnitude as for GR.
The coefficient of variation for ey is larger than
7%. Again, the random orientation of the pellets
in the field of view might have influenced the
value of this shape factor.

3.4. Influence of light technique on pellet size and
shape

The influence of the light technique on the
pellet characteristics was investigated using pellet
batches GR and AL. Five hundred pellets were
randomly drawn from each batch. For 100 of
these pellets, the particle size (Feret diameter) was
measured microscopically. The microscopic pellet
size (1176 + 104 and 1300 + 81 um for batches
GR and AL, respectively) is here regarded as the
correct pellet size, i.e. the Feret diameter which
should have been found using image analysis.
Image analysis was performed: (a) as before, i.e.
using top light; (b) positioning the light beams
sidewise over the pellets in an angle of 45° to the
top light position; and (c) using a light table. The
results are listed in Table 7.

Apparently, there is a trend of the pellet size to
increase from light position (a) to (c). Also, the
pellets appear to be more round using a light
table, especially when comparing aspect ratio and
eg. However, it had been discussed previously
that the formation of shadows could influence the
shape factor results (Podczeck and Newton,
1995). Top light produces white images on a black
background and black shadows, whereas a light
table produces black images against a bright
background and dark shadows. Hence, in the
latter case, it will be more difficult to set the
correct threshold value, because the grey values
for the pellets and the shadows are similar.

To identify the light position, which gives cor-
rect values, the Feret diameters of the image
analyses can be compared with the equivalent
microscopic values. A f-test was employed to
statistically secure the findings. The ¢-values in the
order of (a) to (c) are 1.26, 1.75 and 7.73 for
batch GR, and 1.45, 1.19 and 6.50 for batch AL.
In all cases, the limiting ¢-value (P = 0.05) is 1.96.
Hence, light positions (a) and (b) are suitable for
the assessment of pellet size and shape using
image analysis. However, the use of a light table
produces significantly too large pellet size values.
Assuming that this is due to shadow formation, it
must also be concluded that all shape factor val-
ues are wrong under these light conditions.

3.5. Considerations about limiting values for
shape factors

Pellet characteristics determined using image
analysis will always contain some inherent error.
Some of the problems involved have been dis-
cussed in the introduction, some aspects have
already been investigated, and a variety of other
possible sources for erroneous measurements have
been studied by Zingerman et al. (1992) and by
Lindner and Kleinebudde (1993). It therefore ap-
pears necessary to consider practical limitations
for the shape factors used.

It can be assumed that steel ball bearings are
practically spherical. Hence, steel ball bearings of
1.0 mm diameter (Stefko Co. Ltd., Luton, UK)
were used to assess limiting values for the individ-
ual shape factors. Unfortunately, steel ball bear-
ings reflect any light considerably, so that their
surface had to be treated before use in this exper-
iment. Thus, they were carefully spayed with a
black paint and rolled to avoid gross changes in
particle shape due to uneven coat formation.
Eight such ball bearings could be prepared. As
before, top light was used, but a white back-
ground was employed. This resulted in black
shadows, which could have disturbed the mea-
surements. However, the CCD camera used is
infrared sensitive, and the black paint had a 10 U
lower grey value than the shadows formed. The
image analyser used can distinguish objects if
their image varies by two grey shades. Thus, also
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Table 7

Influence of light technique on the measurement of pellet size and shape using image analysis

Light technique Batch Parameter X+ Coefficient of variation (%)
Top light GR Aspect ratio 1.09 £+ 0.06 5.04
Circularity 0.83 +0.04 5.19
er 0.56 +0.11 19.81
Projection sphericity 0.86 +0.04 4.81
Feret diameter (pum) 1163 +£92 7.90
AL Aspect ratio 1.07 +0.04 4.01
Circularity 0.85+0.03 3.99
er 0.60 +0.10 16.80
Projection sphericity 0.88 +0.03 3.84
Feret diameter (um) 1313 + 82 6.22
Side light GR Aspect ratio 1.09 £+ 0.06 5.13
Circularity 0.86 +0.03 3.82
er 0.58 +0.11 19.71
Projection sphericity 0.86 + 0.04 4.76
Feret diameter (um) 1194 + 92 7.67
AL Aspect ratio 1.07 +0.04 3.73
Circularity 0.874+0.03 3.86
er 0.61 +0.10 15.80
Projection sphericity 0.88 +0.03 3.63
Feret diameter (um) 1311 + 85 6.46
Light table GR Aspect ratio 1.08 +0.05 4.36
Circularity 0.87 +£0.02 2.51
er 0.60 +0.10 16.95
Projection sphericity 0.88 +0.04 4.18
Feret diameter (um) 1255 + 91 7.25
AL Aspect ratio 1.06 + 0.04 3.59
Circularity 0.88 +0.04 3.95
er 0.65 +0.09 14.70
Projection sphericity 0.90 + 0.04 4.34
Feret diameter (pum) 1362 + 88 6.48

a ¥, arithmetic mean value; s, standard deviation.

for these model spheres, a correct threshold value
could be determined.

The different shape factors obtained for the
eight pellets are listed in Table 8, as are the
arithmetic mean values, standard deviations and
coefficients of variations. From the results, it can
be concluded that practically spherical two-di-
mensional images of pellets would have an aspect
ratio value equal to or below 1.02, a circularity
value above 0.93, and a projection sphericity
value above 0.94. The value for the shape factor
eg, which has also a theoretical value of 1.0,
appears with a practical sphericity limit of 0.8
rather small. However, it should be remembered
that the strength of this shape factor is its sensitiv-

ity to very small deviations in shape, which are
not discovered using the aspect ratio or circularity
(Podczeck and Newton, 1994).

In practice, pellets are rarely ideally spherical,
so it cannot be expected that a pellet batch will
meet the afore-mentioned limiting values. A suit-
able reduction or increase (aspect ratio) has there-
fore to be considered. Here, however, the
opinions of some authors appear questionable.
For example, Baert et al. (1992, 1993a,b), Vervaet
and Remon (1996), and Vervaet et al. (1994)
define pellets with an aspect ratio equal or smaller
than 1.2 as sufficiently round. Hellén and Yliruusi
(1993) considered pellets with an aspect ratio up
to 1.55 still as round. Hileman et al. (1997) quotes
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Table 8
Different shape factors obtained on steel ball bearings®

Pellet Aspect ratio Circularity er Projection sphericity
1 1.014 0.9458 0.8088 0.9498
2 1.015 0.9492 0.8036 0.9527
3 1.016 0.9470 0.8067 0.9543
4 1.015 0.9493 0.8113 0.9548
5 1.008 0.9308 0.8513 0.9659
6 1.014 0.9303 0.8061 0.9473
7 1.010 0.9309 0.8341 0.9536
8 1.013 0.9455 0.8046 0.9421
X 1.013 0.941 0.816 0.953
s 0.003 0.009 0.017 0.007
Coefficient of variation(%o) 0.27 0.93 2.13 0.72

a ¥, arithmetic mean value; s, standard deviation.

-

AR=1.0 AR=1.2 €=0.90

C= 1.00

Fig. 2. Comparison between a circular and two elliptical
two-dimensional particle outlines. AR, aspect ratio; C, circu-
larity.

a reciprocal value of the circularity of 1.2 as a
limiting value for acceptable roundness. This
value is equivalent to a circularity of 0.83 as
defined in Eq. (1). The circularity value accepted
as round by Hellén and Yliruusi (1993) is 0.88
and above, while Wan et al. (1993) consider only
values above 0.93. In Fig. 2, an ideal spherical
image (i.e. circle) is compared with elliptical im-
ages of an aspect ratio of 1.2 and a circularity of
0.9. Clearly, pellets with a circularity value of just
0.9 are not even nearly round. Thus, the values
considered by Hileman et al. (1997) and by Hellén
and Yliruusi (1993) as limiting values for pellets
to be considered round appear out of place. An
aspect ratio of 1.2 appears a better solution and,
for some applications, also has a practical value
(Chopra et al., 1998). Assuming an absence of
surface irregularities, which could add to the ef-
fect of aspect ratio on the value of the shape
factor eg, an aspect ratio of 1.2 is equivalent to an

er value of about 0.48. However, pellets with an
er value above 0.6 can readily be made (Sousa et
al., 1996; Chopra et al., 1998). This in turn trans-
lates into an aspect ratio of 1.08 in the absence of
surface irregularities. Hence, the limiting value for
the aspect ratio should be reduced to 1.1, while
0.6 appears to be acceptable as the lower limiting
value for eg.

4. Conclusions

When image analysis is used to determine the
size and/or shape of pellets, the illumination tech-
nique employed has to be considered as a main
influence factor, which can lead to false values.
The position of the light source is particularly
crucial in providing an accurate particle size
value. Top light is recommended, as here it gave a
mean pellet size similar to the true pellet size. The
use of a light table, however, produced signifi-
cantly larger pellet size values.

A minimum pixel resolution appears necessary
for an accurate shape parameter definition. One
pixel should not cover more than 30 pm for
pellets of an average particle size of 1.2 mm.
Shape descriptors, which are based on a multiple
combination of area and perimeter data such as
the circularity, are greatly dependent on the num-
ber of pellets counted. Shape factors, which do
not (aspect ratio) or only as a single value do
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involve an area or perimeter measurement (eg,
projection sphericity) are, however, nearly inde-
pendent of the number of pellets counted, as long
as the magnification is sufficiently large and the
pellets are randomly drawn from the batch.

For nearly spherical particles, the methodical
error to assess the various shape factors is below
1%, but for elongated particles, this error can
reach 5%. The repeatability is also very good for
nearly spherical particles ( < 2%), but increases to
very large values if the particles are clearly
elongated.

The limiting values for the various shape fac-
tors should be reconsidered. An upper value for
the aspect ratio of 1.1 and a lower value of 0.6 for
er are recommended. The circularity should not
be used as shape factor to characterise spheres,
because errors in image recognition can affect
strongly the applicability of this shape factor. The
projection sphericity has only a limited sensitivity
to variations in particle shape.
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